Abstract. Two greenhouse experiments were carried out to analyze the shoot sodium (Na + ) partitioning, yield, and fruit quality of 'Cuore di Bue', a salt-sensitive heirloom tomato (Solanum lycopersicum L.), ungrafted or grafted onto interspecific tomato hybrid rootstocks (S. lycopersicum 3 S. habrochaites) 'Maxifort' and 'Arnold' in 2009, 'Arnold' and 'Armstrong' in 2010 , grown at different salinity stress (SS) levels (0, 20, and 40 mM of NaCl in 2009; 0 and 20 mM of NaCl in 2010). In both experiments, an interaction was observed between grafting combinations and SS levels in terms of fruit yield, and fruit juice Na + content. Under no SS conditions, plant grafted onto 'Maxifort' and 'Armstrong' provided the highest yield in 2009 and 2010 experiments, respectively. In the presence of 20 mM of NaCl, plants grafted onto 'Arnold' provided a marketable yield 23.5% (on average) higher than plants grafted onto 'Maxifort' or ungrafted in 2009 and 33% (on average) higher than plants grafted onto 'Armstrong' or ungrafted in 2010. The further increase of SS to 40 mM of NaCl considerably reduced the productivity of all grafting combinations. At 20 mM of NaCl, plants grafted onto 'Arnold' showed also a higher capacity to modulate shoot Na + partitioning with respect to ungrafted plants by increasing Na + accumulation in older leaves (52%) and reducing Na + content in younger and most active leaves (24%), thus enabling the maintenance of higher K + /Na + , Ca 2+ /Na + , and Mg 2+ /Na + ratios compared with ungrafted plants. Fruit total soluble solids content, titratable acidity, and dry matter were unaffected by grafting at any SS level, whereas under SS, the fruit juice Na + content of grafted plants was consistently lower (from 19% up to 68%) than that of ungrafted plants. Under moderate SS conditions (20 mM of NaCl), the use of rootstock genotypes such as 'Arnold' having a particular ability to reduce Na + accumulation in younger and most active leaves may increase tomato yield and enhance tomato nutritional value by reducing the fruit juice Na + content.
As the use of tomato grafting is gaining popularity worldwide (Kubota et al., 2008; Lee et al., 2010) , breeders and seed companies are eager to select and develop new rootstocks characterized by high yield and fruit quality performance, multidisease resistance (Barrett et al., 2012; Guan et al., 2012; King et al., 2008) , and possibly tolerance to specific abiotic stress conditions (King et al., 2010; Savvas et al., 2010; Schwarz et al., 2010) .
Salinity is one of the most critical environmental stresses that limit agriculture worldwide. Over 20% of irrigated land is affected by salinity (Rozema and Flowers, 2008) , and although arid and semiarid zones are more subject to this phenomenon, salinization is increasingly affecting also less extreme environments being strictly associated with the irrigation practice itself (Tanji and Kielen, 2002) .
The detrimental effects of salinity on crops are mainly related to 1) osmotic stress, resulting from the accumulation of high solute concentrations in the rooting zone; 2) ionspecific toxicity, mainly caused by Na + and Cl , and NO 3
- (Giuffrida et al., 2009 ), leading to several physiological and biochemical changes that inhibit plant growth and production and affect the fruit quality (Cuartero and FernandezMuñoz, 1999) . Grafting has been shown to be a valid technique to enhance tomato plant growth and productivity Estañ et al., 2005; Fernández-García et al., 2004) . Unlike traditional breeding, grafting enables the combination of desired high-yielding and/or high-quality tomato genotypes, often susceptible to SS, with rootstocks characterized by higher vigor and, potentially, capable of improving the scion tolerance to SS conditions (Bolarin et al., 1991; Estañ et al., 2009; Ghanem et al., 2011) .
Enhanced tolerance to SS in grafted vegetable crops has mainly been attributed to the Na + exclusion (Edelstein et al., 2011; Estañ et al., 2005) and/or inclusion capacity in the shoot and/or root vacuoles Edelstein et al., 2011) . Instead, grafting and/or rootstocks seem to be less effective in restricting and/or regulating Cl -transport and/or concentration in the shoot (Colla et al., 2006; Edelstein et al., 2011; Savvas et al., 2011) . Nevertheless, the mechanism of Na + exclusion and/or inclusion in the shoot/root of grafted plants and the role played by the scion and rootstock genotypes remain still unclear.
In a recent study conducted on melon and pumpkin with reciprocal grafting, Edelstein et al. (2011) attributed the lower Na + concentration observed in plants grafted on pumpkin rootstock mainly to the Na + exclusion and retention by the rootstock, rejecting the hypothesis that 1) Na + transport to the scion can be restricted by grafting itself; and 2) the scion may play a role in Na + partitioning within the plant. However, physiological studies suggest that, in tomato and other solanaceous species, salinity tolerance (ST) is mainly related to a Na + inclusion mechanism (Bolarin et al., 1991; Chen et al., 2003; Pérez-Alfocea et al., 1993) and is closely correlated to the ability of the plant to regulate Na + concentration in the leaf tissue (Cuartero and Fernandez-Muñoz, 1999; Sacher et al., 1983; Savvas et al., 2011) and to maintain a high K + /Na + ratio. Although maintenance of higher K + /Na + ratios in grafted plants grown under SS conditions has often been associated with a higher K + uptake capacity of the rootstock Leonardi and Giuffrida, 2006; Santa-Cruz et al., 2002) , Na + partitioning in young and mature leaves represents a key aspect of such regulation (Maggio et al., 2007; Shannon, 1997; Shannon et al., 1987) .
In the present study we hypothesized that grafting onto vigorous interspecific hybrids (S. lycopersicum · S. habrochaites) might raise the ST of tomato also through the regulation of Na + partitioning in young and mature leaves. In this regard, a complete analysis of the Na + partitioning within the shoot portions of grafted plants is still missing in the literature and is required for a better comprehension of the rootstock-scion interaction under SS conditions and to also clarify possible effects on fruit Na + content and quality Rouphael et al., 2010) . Although SS may improve the organoleptic quality of tomato fruits, it may also increase the fruit Na + content, causing a loss of nutritional value given the notorious Na + negative effects on human health (Karppanen and Marvaala, 2006) . Therefore, the objectives of this study were to analyze the shoot Na + partitioning of grafted and ungrafted plants of 'Cuore di Bue', an ''oxheart'' heirloom tomato type that is characterized by big-sized fruits and considered to be particularly sensitive to SS, and to evaluate the interaction between salinity levels and different commercial tomato rootstocks (claimed to be particularly vigorous and tolerant to SS conditions) in terms of plant Na + content, yield, and fruit quality.
Materials and Methods
Plant material, treatments, and growth conditions. Two experiments were conducted For both experiments, a split plot with three replicates was used as the experimental design: NaCl levels in the main plots (rows) and grafting combinations in the subplots. Each experimental unit consisted of seven plants.
Commercial seedlings ungrafted or grafted were produced by a specialized nursery. Rootstock seeds were sown 4 d before scion seeds on 16 Jan. 2009 and 5 Jan. 2010. Seedlings were grown under protected environment in 112-cell-count polypropylene plug trays. At the two true-leaf stage, rootstock and scion seedlings were grafted with the splice-tube method and held together using 2.1-or 2.3-mm polyester pipe clips and seedling support sticks (Grafting & Technology, Passatempo di Osimo, Italy). Grafted and ungrafted seedlings were transplanted at the fourth true-leaf stage, on 26 Feb. 2009 and 15 Feb. 2010 , into 10-L polyethylene black pots (24 cm top diameter) containing a perlite-peat substrate mix (3:1, v/v) with distances of 1.3 m between rows and 0.25 m within the row to establish a density of 3.1 plants/m 2 . Pots were placed on 6 m long · 0.26 m wide 1% sloped troughs covered by polyethylene film colored black on the underside and white on the upper side. Greenhouse ventilation temperature was 20°C. In the 2009 experiment, daily air temperature in the greenhouse was on average 21.0°C, and daily minimum and maximum air temperature ranged from 5.0 to 26.0°C and from 19.0 to 38.0°C, respectively (Fig. 1A ). In the 2010 experiment, daily air temperature in the greenhouse was on average 19.5°C, and daily minimum and maximum air temperature ranged from 4.5 to 22.5°C and from 17.6 to 34.8°C, respectively (Fig. 1B) . Daily solar radiation was on average 356 W · m -2 in 2009 and 353 W · m -2 in the 2010 experiment. Daily relative humidity was on average 77% and ranged between a minimum of 51% and a maximum of 90%.
Plants were trained vertically to one stem around each plastic string using the V-shaped method and were topped at the sixth floral cluster. As required by common commercial practice, binding, lateral stem, and basal leaf pruning operations were carried out on plants. A hive of bumblebees (Bombus terrestris L.) was placed in the greenhouse at full anthesis of the first truss to ensure pollination throughout the growing season. An integrated crop management approach was used to control all major diseases and pests.
Nutrient solution management. In both experiments, the control nutrient solution (0 mM of NaCl) was prepared with deionized water and contained: nitrogen (10 mM), phosphorus (2 mM), potassium (6 mM), magnesium (2 mM), calcium (3 mM), iron (20 mM), manganese (5 mM), zinc (2 mM), boron (25 mM), copper (0.5 mM), and molybdenum (0.1 mM), resulting in an electrical conductivity (EC) of 1.8 dS · m -1
. The saline nutrient solutions had the same composition plus 20 and 40 mM of NaCl, resulting in an EC of 3.7 and 5.6 dS · m -1 , respectively. When needed the nutrient solution pH was adjusted to 5.5 using 2 M H 2 SO 4 . In both experiments, starting from the sixth true leaf crop stage, salinity treatments were applied to each grafting combination, in all fertigation events, until the end of each experiment. The nutrient solution was delivered to each trough through drip tapes with pressure-compensated drippers, each with a delivery rate of 8.0 L · h and values were expressed in°Brix at 20°C. Titratable acidity was determined by potentiometric titration of 10 mL of tomato juice to pH 8.1 using 0.1 M NaOH in the presence of phenolphthalein using a digital burette (Technotrate; Kartell, Milan, Italy) . Results were expressed as percentage of citric acid equivalents in the juice. For each tomato fruit sample, 200 g of fresh fruits were dried in a forced-air oven at 65°C until reaching a constant mass, then weighed to calculate the fruit DM content. Sodium content was measured on tomato juice by ion chromatography (Dionex Model DX500; Dionex Corporation, Sunnyvale, CA) with a conductivity detector using the pre-column IonPack CG12A and the column of separation IonPack CS12A.
Ion partitioning analysis. In 2010, the ion partitioning within the shoot was assessed by sampling and analyzing the ion (Na + , and Mg 2+ ). Plant material of the different shoot portions sampled was dried in a thermo-ventilated oven at 65°C until reaching a constant mass and finely ground through a mill (IKA; Labortechnik, Staufen, Germany) with a 1.0-mm sieve. Cations (Na + , K + , Ca
2+
, and Mg 2+ ) were extracted from 2-g samples of plant tissue DM, ashed in a muffle furnace at 450°C, digested with 1 M HCl in a boiling water bath for 30 min, and measured by ion chromatography (Dionex DX120; Dionex Corporation) with a conductivity detector using an IonPack CG12A pre-column and IonPack CS12A separation column for cations.
Statistical analysis. Data were analyzed separately for each experiment by two-way analysis of variance using the GLM procedure in SAS Version 9.1 software (SAS Institute, Cary, NC). All means were compared using Duncan's multiple range test at P = 0.05.
Results
Yield and yield components. In both experiments total and marketable fruit number were unaffected by grafting, whereas it decreased with increasing the SS level (Table 1 ). An interaction was observed for both total and marketable yield (Fig. 2) between grafting combinations and salt treatments, revealing a different response of each grafting combination to increasing SS levels. Figures 2  and 3 report the marketable yield data of 2009 and 2010, respectively, whereas total yield data having a similar trend were not shown. In 2009 (Fig. 2) , under no SS conditions, plants grafted onto 'Maxifort' provided a marketable yield 43.7% and 23.2% higher than that observed in ungrafted plants or in those grafted onto 'Arnold', respectively. Instead, in the presence of 20 mM of NaCl, plants grafted onto 'Arnold' provided a marketable yield 23.5% higher than that of plants grafted onto 'Maxifort' or ungrafted. The further increase of SS at levels of 40 mM of NaCl considerably reduced the productivity of all grafting combinations, resulting in an average marketable yield of 2.43 kg/plant without differences among the grafting combinations tested. Similarly, the second year (Fig. 3) , in absence of SS, plants grafted onto 'Armstrong' provided a marketable yield 15.8% higher than that obtained by ungrafted plants, whereas in the presence of 20 mM of NaCl, plants grafted onto 'Arnold' provided a marketable yield 34.3% higher than that of plants grafted onto 'Armstrong' or ungrafted.
Fruit quality and Na + content analysis. Fruit quality parameters such as TSS content, TA, and DM were unaffected by the grafting combinations, in all harvesting dates, consistently in both years (Table 2) .
Increasing the NaCl content from 0 to 20 mM, TSS content increased 19.0% and 16.3% in fruits harvested on 28 May and 25 June 2009, respectively, and 15.3% and 23.4% in those harvested on 8 June and 21 June 2010, respectively. The increase in the SS level to 40 mM of NaCl, in the first year, caused a further increase of fruit TSS content only in the second harvesting date. Similar results were observed for the fruit DM, whereas the TA increased 22.7% when raising the SS level from 0 to 20 mM of NaCl, only in fruits harvested on 28 May 2009 (Table 2) .
Also fruit juice Na + content was affected by an interaction between the grafting combinations and SS levels. In the absence of SS, the fruit juice Na + content was unaffected by grafting or rootstock genotype, whereas in the presence of NaCl stress, the fruit juice Na + content of grafted plants was always lower than that of fruits of ungrafted plants, consistently in all harvesting dates and in both years (Figs. 4 and 5) (Figs. 4B and 5B) . Similarly, in the presence of 40 mM of NaCl, grafted plants showed on average a fruit juice Na + content from 58.4% and 48.3% lower than that of ungrafted plants in the first and second harvesting dates of the 2009 experiment, respectively (Fig. 4A-B) .
Shoot Na + , K + , Mg 2+ , and Ca 2+ partitioning under salt stress conditions. In 2010, grafted and ungrafted plants grown under SS conditions (20 mM NaCl) showed a different Na + content and partitioning within the different shoot portions analyzed; on average, upper leaves, plant tips, and fruit Na + contents of grafted plants were 21%, 50%, and 45% lower than that of the counterparts of ungrafted plants, respectively (Table 3) ; vice versa, the Na + contents of pruned and bottom leaves were 14% and 52% higher in plants grafted onto 'Arnold' than in ungrafted ones, whereas Na + content of bottom and pruned leaves of plants grafted onto 'Armstrong' were not different from that of plants grafted onto 'Arnold' or ungrafted (Table 3 ), yet stem and middle leaf Na + contents were not different in grafted and ungrafted plants (Table 3) .
On average, upper leaves of grafted plants showed Mg 2+ and Ca 2+ content 31% and 40% higher than that of ungrafted plants, respectively. Similarly, the Mg 2+ and Ca 2+ content of grafted plant tips was 13% and 27% higher than those of ungrafted plants, respectively. Conversely, K + content of bottom leaves pruned 93 DAT was on average 23% lower in grafted plants with respect to ungrafted ones (Table 3) .
Overall, grafted plants showed a higher K + /Na + , Mg 2+ /Na + , and Ca 2+ /Na + ratio in fruits, plant tips, and upper leaves as compared with ungrafted plants (Table 3) . Furthermore, the plant tips of plants grafted onto 'Armstrong' showed K + /Na + and Mg 2+ /Na + ratios 15.6% and 18.7% higher, respectively, than those grafted onto 'Arnold'. On the contrary, bottom leaf and pruned leaf K + /Na + ratios were on average 33.7% and 27.4% lower in grafted plants than in ungrafted ones without any difference between the rootstocks (Table 3) .
Discussion
Yield response of grafted tomato plants to NaCl stress was modulated by the rootstock genotype. The higher yield performance of grafted plants observed under no SS conditions in comparison with ungrafted plants corroborates previous findings (Di Gioia et al., 2010; Khah et al., 2006) . 'Cuore di Bue' yield response to SS was consistently modulated by the rootstock genotype, whose role emerged under relatively moderate SS conditions (20 mM NaCl), whereas it was nullified in plants grown under more severe SS conditions (40 mM NaCl), suggesting that, at least for big-sized fruit tomato genotypes like the one used in this study, the mechanisms of ST of grafted plants only operate until a certain stress threshold. Such results are in agreement with findings of Savvas et al. (2011) who reported that under SS conditions, the yield response of grafted tomato plants is affected by both rootstock genotype and salinity levels, whereas it is in contrast to the findings of Estañ et al. (2005) and Martinez-Rodriguez et al. (2008) , who, working on different rootstock/scion genotypes and combinations, found that the improved ST of grafted plants was lower at 25 mM of NaCl than at 50 and 75 mM levels of NaCl.
The higher yield performance constantly observed for 2 years in plants of CB grafted onto 'Arnold' and grown in the presence of 20 mM of NaCl, compared with non-grafted plants or those grafted on 'Maxifort' and/or 'Armstrong', suggests that the rootstock genotype plays a significant role in the ST mechanisms and highlights the importance of testing the ST of each commercial rootstock before recommending their use in commercial crops. Although all tested rootstocks were interspecific hybrids of S. lycopersicum · S. habrochaites, they showed a different behavior, and this may be explained by the fact that different accessions of the same species (S. lycopersicum and S. habrochaites), used to develop interspecific hybrids, may have different levels of ST (Bolarin et al., 1991; Ö ztekin and T€ uzel, 2011) .
Fruit quality and Na + content. The similar fruit quality observed in both experiments between grafted and ungrafted plants, either under standard or SS conditions, corroborates previous findings (Di Gioia et al., 2010; Fabre et al., 2011; Savvas et al., 2011) . Moreover, the TSS:TA ratio, whose values ranged between 10:1 and 18:1 (Table 2) , confirmed the good balance between sweetness and sourness and the high-quality profile achieved by CB fruits regardless of the grafting combination used.
The lower fruit juice Na + content, consistently observed in CB grafted plants grown under SS conditions, in all harvesting dates and both experiments, with respect to ungrafted plants (Figs. 3 and 4) , represents an added value and suggests that grafting may be a good strategy for producing tomato under SS conditions by also taking advantage of SS effects on quality without reducing but actually increasing the fruit nutritional value.
Shoot Na
+ partitioning and rootstock role in ST mechanisms. The lower Na + content observed under SS conditions (20 mM of NaCl) in upper leaves, plant tips, and fruits of CB grafted plants, compared with ungrafted ones (Table 3) , may suggest that the grafting itself can enhance the plant ST by simply reducing the Na + xylematic transport from root to shoot, preventing its accumulation at toxic levels (Estañ et al., 2005) . However, it does not seem a likely explanation considering that plants grafted onto 'Arnold' showed a Na + content in bottom leaves significantly higher than the one observed in the same portion of ungrafted plants (Table 3) . Instead, the present results suggest that the rootstocks, and particularly 'Arnold', can modulate Na + accumulation and partitioning within the shoot , probably by removing Na + from the solution moving toward younger leaves through the inclusion in older and less active leaves at the bottom of the plant (Zhang and Blumwald, 2001 ), enhancing at the same time Na + exclusion from younger leaves and shoot tips (Shi et al., 2002) and its redirection toward the bottom of the shoot.
Sodium recirculation and partitioning within the shoot, with protection of younger leaves and accumulation in older ones, are considered to be crucial for ST (Shannon, 1997; Tester and Davenport, 2003) and they have been observed in several monocot and dicot species, including tomato Maggio et al., 2007) and especially some salt-tolerant accessions of wild tomato species (Pérez-Alfocea et al., 2000) . In this regard, it is noteworthy that tested rootstocks are interspecific hybrids of S. lycopersicum and S. habrochaites and that, unlike S. lycopersicum cultivated species, which usually tend to exclude toxic ions (Foolad, 2004; Martinez-Rodriguez et al., 2008; Tal and Shannon, 1983) , the ST of most wild tomato species, including some accessions of S. habrochaites (formerly L. hirsutum), is mainly attributed to their Na + accumulation capacity in leaves Bolarin et al., 1991; Pérez-Alfocea et al., 2000) . In accordance with other research, the present study suggests that the plant ST is more closely correlated to the ability to regulate the Na + concentration in leaf tissues than to the Na + concentration itself (Sacher et al., 1983) , and Na + partitioning in young and mature leaves represents an important part of such regulation (Shannon, 1997; Shannon et al., 1987) .
The relevance of the shoot Na + partitioning and recirculation in the mechanism of ST has been also demonstrated by Olías et al. (2009a Olías et al. ( , 2009b and Zhang and Blumwald (2001) who, using transgenic tomato plants, highlighted the considerable role of vacuolar and plasma membrane Na + /H + antiporter in maintaining a low Na + concentration and a high K + /Na + ratio in the plant cytosol. Moreover, Olías et al. (2009a Olías et al. ( , 2009b demonstrated the existence of a more complex network of transport processes, named the Salt Overlay Sensitive signaling pathway, regulating the Na + uptake, extrusion through the plasma membrane, compartmentation into cell vacuoles, long-distance Na + transportation from roots to shoots, and recirculation through the plant organs.
The higher K + /Na + , Mg 2+ /Na + , and Ca 2+ /Na + ratios observed under SS conditions in fruits, plant tips, and upper leaves of grafted plants compared with ungrafted ones (Table 3) , in agreement with previous findings Santa-Cruz et al., 2002; Savvas et al., 2011) , provided further evidence of the ability of grafted plants to avoid or at least limit ion imbalances under SS conditions. However, the lower K + /Na + ratio observed in bottom leaves of grafted plants compared with ungrafted ones indicates that the maintenance of the ion homeostasis was mainly the result of the ability of grafted plants to regulate Na + , K + , Mg
2+
, and Ca 2+ partitioning within the shoot rather than to an increased K + , Mg 2+ , and Ca 2+ uptake capacity of the rootstock.
Conclusions
Salinity stress level consistently affected yield and fruit quality performance of grafted and ungrafted plants. Under no SS conditions, plants grafted onto 'Maxifort' and 'Armstrong' provided the best yield performance. In the presence of moderate SS conditions (20 mM of NaCl), the rootstock 'Arnold' showed a particular ability to modulate shoot Na + partitioning and assured the maintenance of higher K + /Na + , Mg 2+ /Na + , and Ca 2+ /Na + ratios in fruits and developing leaves, thereby enhancing the yield performance of 'Cuore di Bue', yet at higher SS levels (40 mM of NaCl), vegetable grafting did not enhance the crop ST.
Such results suggest that vegetable grafting, with the use of selected rootstock genotypes, could be a good strategy to increase the ST and yield performance of valuable but salt-sensitive tomato cultivars like Cuore di Bue and other heirloom tomatoes, especially under moderate SS level.
Shoot Na + partitioning, with protection of younger and most active leaves and accumulation in older ones, represents a key aspect of the mechanism of ST in tomato grafted plants. However, such mechanism of ST may work only in the presence of moderate SS levels (20 mM of NaCl).
Finally, the use of grafting does not reduce the fruit organoleptic quality and under SS conditions, it may actually increase the tomato nutritional value by limiting fruit Na + accumulation.
